Abstract. We found that a cDNA clone isolated from a mouse testis cDNA library, 1700015G11 (Mmu_15G11), corresponded to the most highly expressed testis-specific mRNA in the adult mouse. Although the Mmu_15G11 cDNA is predicted to encode a small protein consisting of 67 amino acid residues, it has not yet been functionally annotated and has been designated as an unclassifiable clone. Since the Mmu_15G11 protein possibly has a pivotal role in spermatogenesis, we initiated an in silico study of this clone, and revealed that an ancestral gene of 15G11 genes evolved from an ancestral gene for mammalian small valosin-containing protein-interacting protein (SVIP) genes by gene duplication. Although SVIP protein reportedly participates in endoplasmic reticulum-related protein degradation, 15G11 protein is predicted to be a nuclear protein and possibly participates in the interaction between proteins and nuclear DNA.
Introduction
We initiated a study of testis-specific genes using the Novartis expression database (1) because it contains a dataset of the expression levels of 36,182 mRNAs from 61 different mouse tissues by two independent experiments. We accessed the Novartis expression database, Mouse GNF1M (1) , and tried to isolate cDNA clones corresponding to highly expressed testis-specific genes, and found that one of the cDNA clones, 1700015G11, corresponded to the most highly expressed testis-specific gene. Although 1700015G11 cDNA is predicted to encode a small protein consisting of 67 amino acid residues, it has so far been designated as an unclassifiable clone (2, 3) . We believe that the proteins encoded by the most highly expressed mRNAs in the adult mouse testes should have pivotal roles in spermatogenesis, and initiated an in silico study of this cDNA clone (1700015G11, referred to as Mmu_15G11 herein).
Our current study revealed that an ancestral gene for the mammalian 15G11 genes evolved from an ancestral gene for the mammalian small valosin-containing protein-interacting protein (SVIP) genes by gene duplication. The rat SVIP protein is anchored to the microsomal membrane via myristoylation and co-fractionates together with several other proteins including valosin-containing protein/97-kDa protein (VCP/p97; p97 is a synonym of VCP) to the endoplasmic reticulum (ER) (4, 5) . The rat SVIP has recently been reported to be an endogenous inhibitor of ER-associated degradation (ERAD) of several proteins (6) . Although mammalian 15G11 genes have evolved from an ancestral gene for mammalian SVIP genes, we predict that the functions of mammalian 15G11 proteins are quite different from that of the mammalian SVIP proteins, i.e., 15G11 proteins are nuclear proteins and possibly participate in the interaction between proteins and nuclear DNA.
Materials and methods
Isolation of cDNA clones corresponding to the most highly expressed testis-specific mRNAs. We selected cDNA clones corresponding to the most highly expressed testis-specific mRNAs from the expression database 'Mouse GNF1M (MAS5-condensed)' (http://wombat.gnf.org/index.html) (1) . Log-transformed experimental data were averaged and normalized (7). The highest standard deviation (SD) for the microarray data from the testes was around mean +7.3 SD, and 20 of the 36,182 expression values exceeded mean +7.0 SD (data not shown). Although we found that two clones, 4922502D21 and 1700015G11, showed mean +7.3 SD, we selected 1700015G11 (Mmu_15G11) for this study because
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Structures and locations of exon-intron junctions.
To determine the exon-intron junctions, the collected cDNA and/or EST sequences were aligned to the corresponding genomic sequences using the BLAT DNA analysis program (9) .
Multiple alignments and phylogenetic tree. The collected amino acid sequences of the cDNAs and translations of the coding regions of the ESTs were aligned. Multiple alignments were performed with CLUSTAL W (10). Phylogenetic and molecular evolutionary analyses were conducted by the neighbor-joining (NJ) method (11) in MEGA version 4.0 (12).
Searches with protein query sequences against 'Motif
Libraries', and prediction of functions carried out by 15G11
proteins. The functions of 15G11 proteins were predicted by searching several motif databases, such as PROSITE, BLOCKS, ProDom, PRINTS, and Pfam, using the amino acid sequences of 15G11 or SVIP proteins as queries for MOTIF search in GenomeNet (13, 14) .
Estimating the levels and distributions of mRNAs. The expression profiles of Mmu_15G11 and Mmu_SVIP mRNAs were confirmed by accessing the dataset in the Mouse GeneAtlas GNF1M, MAS5 (http://wombat.gnf.org/SymAtlas/) (1).
Results

Isolation of orthologous proteins for mouse 15G11.
To elucidate the function of Mmu_15G11, we performed blastp homology searches, and found several Mmu_15G11 orthologues from human, rat, and dog (Table I ). All these proteins, except for the one derived from dog, are small proteins consisting of fewer than 70 amino acid residues, and so far they have no functional annotations. Interestingly, we found that the homologue from dog, named Cfa_15&SV (Table I) , consisted of 124 amino acid residues and contained two different domains; one domain was highly homologous to Mmu_15G11, and the other domain to a protein known as mouse SVIP (Fig. 1A , Mmu_SVIP). Subsequently, we found that there is a weak but significant homology between the Mmu_15G11 and Mmu_SVIP proteins (Fig. 1B) .
Evolution of the mammalian 15G11 genes.
To further confirm the above, we performed homology searches using Mmu_15G11 or Mmu_SVIP as queries and screened the NCBI database. After running the blastp program, we Table I . List of 15G11 and SVIP sequence identifiers used in this study.
Homo Bt.90924
Canis lupus familiaris 
Indicates EST sequence. b The coding region of the EST sequence was translated.
-
collected four 15G11 and five SVIP orthologues (Table I) . After running the tblastn program, we collected one bovine EST as encoding a 15G11 orthologue, and one EST each from dog, bovine, opossum, and frog encoding SVIP orthologues (Table I) . Notably, five Mmu_15G11 orthologues were isolated from mammals, but none from the other lower organisms, whereas Mmu_SVIP orthologues were isolated not only from mammalian sources but also from chicken, frog, and fish (Table I) . We constructed a phylogenetic tree using all these 15G11 and SVIP orthologues (Fig. 2) . The phylogenetic tree constructed from all these protein sequences revealed that an ancestral gene for mammalian 15G11 genes evolved from an ancestral gene for mammalian SVIP genes by gene duplication (see Fig. 2 , Y-shaped bold line). After the duplication, the ancestral gene for mammalian SVIP genes seemed to diverge at a relatively stable pace, whereas an ancestral gene for the 15G11 genes seemed to initiate its divergence after a phase of rapid evolution, and the divergence itself progressed significantly faster than that of the mammalian SVIP genes (Fig. 2) .
Structures of the mammalian 15G11 and SVIP genes. We found that 15G11 and SVIP genes are arranged side by side in mouse, dog, human, and rat chromosomes. The distance between the 3'-end of the 4th coding exon of Mmu_15G11 and the 5'-end of the 1st coding exon of Mmu_SVIP genes Table I. was 6,038 bp (Fig. 1C) , and the corresponding distances were 17,761 bp in human and 10,397 bp in rat chromosomes (data not shown). The distributions of introns revealed that Mmu_15G11, Mmu_SVIP, Cfa_15G11, and Cfa_SVIP proteins were all encoded by four exons, which supported the assertion that they are the products of gene duplication (Fig. 1C) .
As described earlier, we found that one of the dog cDNA clones, Cfa_15&SV, encodes a 15G11-SVIP-fused protein (Fig. 1A) . We collected together fourteen 15G11 and ten SVIP cDNAs or ESTs from dog and found that only one of them corresponded to the Cfa_15&SV mRNA. This result suggests that Cfa_15&SV may be an artifact produced during the course of cDNA cloning. However, since the 5'-and 3'-ends of the 3rd intron of the Cfa_15&SV gene corresponded exactly to the 5'-end of the 3rd intron of the Cfa_15G11 gene and the 3'-end of the 1st intron of the Cfa_SVIP gene, respectively, we conclude that the Cfa_15&SV mRNA had been created by a rare alternative splicing event (Fig. 1C) .
Tissue distribution of mouse 15G11 and SVIP mRNAs. By accessing the dataset in the Mouse GeneAtlas GNF1M, MAS5, we confirmed the expression profiles of Mmu_15G11 and Mmu_SVIP mRNAs. The former was confirmed by searching with Mm.279725, and the latter, by searching with Mm.386823 (Table I ). The Mmu_15G11 mRNA was expressed at high levels specifically in adult mouse testes, whereas the Mmu_SVIP mRNA was widely expressed in various organs and at especially high levels in the trigeminal nerve, spinal cord, dorsal root ganglia, testes, and prostate.
Searches with protein query sequences against 'Motif
Libraries'. In order to identify the functions of 15G11 proteins, we searched motif databases at GenomeNet using the amino acid sequences of 15G11 and SVIP proteins as queries (see Materials and methods) (13, 14) .
By searching with protein sequences against the PROSITE profile library, we found one bipartite nuclear localization signal profile (NLS_BP) within the domains coded by the 3rd exon in mouse, rat, dog, bovine, and human 15G11 proteins (Fig. 3A) but not in their SVIP counterparts (data not shown). In eukaryotic cells, selective transport of proteins into the nucleus is mediated by short amino acid sequences (NLS_BP), which consist of two small clusters of basic residues separated by a linker sequence (Fig. 3A) (15, 16) . By searching with the protein sequences against the BLOCKS library, we also found several blocks of sequences showing weak similarity to the registered 'block motifs' within 15G11 proteins (Fig. 3B) . We found 'block motifs' related to (i) porin and apical membrane antigen 1 signatures within the regions coded mainly by the 1st and 2nd exons, (ii) CTF/NF-I family-like sequences within the regions coded mainly by the 2nd and 3rd exons, Figure 2 . A phylogenetic tree of 15G11 and SVIP proteins. This tree was constructed by aligning the amino acid sequences of the 15G11 and SVIP proteins listed in Table I . Phylogenetic and molecular evolutionary analyses were conducted using MEGA software version 4 (MEGA4) as described in Materials and methods. Bootstrap values obtained from 1,000 replicates are shown at the corresponding branches by the 1/10 values. The Y-shaped bold line indicates the evolution of ancestral genes for the mammalian SVIP and 15G11 proteins. The other abbreviations are as described in Table I. and (iii) importin α-like protein (ß-binding region), core binding factor (ß-subunit), and RasGAP-like sequences within the region coded by the 3rd exon (Fig. 3B ).
Discussion
The phylogenetic tree shown in Fig. 2 revealed that an ancestral gene for mammalian 15G11 genes evolved from an ancestral gene for mammalian SVIP genes. Notably, the ancestral gene for the mammalian SVIP genes continued its evolution at a relatively stable pace after the duplication, whereas the ancestral gene for the 15G11 genes evolved quite rapidly (Fig. 2) . These results suggest that after the duplication, the former has kept its function, while the latter lost its original function. After rapid sequence divergence, the ancestral gene for the 15G11 genes seemed to have acquired new function(s) and diverged further into the mammalian 15G11 genes (Fig. 2) .
Since structure and function relationships of SVIP have been studied using rat SVIP (4), we tried to predict the functions of 15G11 by taking these results into consideration. Rat, as well as mouse, SVIP contains two coiled-coil regions, the N-and the C-terminal regions (Fig. 1B) (4) . These two regions were prepared individually from rat SVIP, and tested as to whether they can interact with VCP/p97 (4). The N-terminal region covering 39 amino acid residues has been shown to bind with VCP/p97, whereas the C-terminal region, covering 37 amino acid residues, has no such activity (4) . A novel VCP/p97-interacting motif (VIM) has been identified within the N-terminal 39 amino acid region of mouse, rat, and human SVIP proteins (see Fig. 1B , underlined amino acid residues in the Mmu_SVIP line) (5). Moreover, Mmu_SVIP possesses a potential myristoylation site (Gly2), and a palmitoylation site (Cys4) in the N-terminal region, and the N-terminal 9 amino acid residues including these two sites have been reported to function as a membrane anchor (Fig. 1B) (4) .
On the other hand, the homology between mouse 15G11 and SVIP is relatively low within the first half of these proteins (Fig. 1B) . We were not able to identify a consensus VIM within 15G11 proteins (Fig. 1B) . Moreover, Mmu_15G11 does not possess the myristoylation site (Gly2), and the homologies between the N-terminal 9 amino acid residues of these two proteins are also relatively low (Fig. 1B) . These results suggest that mouse 15G11 protein does not bind to VCP/p97 and that it has no membrane anchorage function. Notably, we found that all of the 15G11 proteins carry NLS_BP-like motifs (Fig. 3A) , whereas none of the mammalian SVIP proteins carry the same motifs. These results suggest that 15G11 proteins are nuclear proteins but mammalian SVIP proteins are not. Moreover, multiple alignments of 15G11 proteins revealed that the regions encoded by the 3rd exon were highly conserved (Fig. 3A) , suggesting that these regions are important for the functions of 15G11 proteins. Interestingly, these regions contain 'block motifs' related to importin α-like protein (ß-binding region) and core binding factor (ß-subunit) (Fig. 3B) ; the former is related to the nuclear protein and the latter to protein-DNA interaction. Although the scores of these block-like sequences are not high, their distributions suggest that the region encoded by the 3rd exon not only has properties related to nuclear proteins but also has properties to interact with DNA ( Fig. 3A and B) .
As mRNA coding for Mmu_15G11 protein corresponded to one of the most highly expressed testis-specific mRNAs, we speculate that a significant amount of Mmu_15G11 protein is required in adult mouse testis nuclei, and that Mmu_15G11 proteins play pivotal role(s) for the maintenance of nuclear DNA structures within the adult mouse testes.
